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Herbicides and Nitrate in Near-Surface Aquifers in the
Midcontinental United States, 1991

By Dana W. Kolpin, Michael R. Burkart, and E. Michael Thurman

Abstract

The occurrence and distribution of selected
herbicides, atrazine metabolites, and nitrate were
determined for near-surface aquifers (within
50 feet of land surface) in the corn- and soybean-
producing region of the midcontinental United
States. The study region included all or parts of
Illinois, Indiana, Iowa, Kansas, Michigan, Minne-
sota, Missouri, Nebraska, North Dakota, Ohio,
South Dakota, and Wisconsin. Water samples
were collected during the spring and summer of
1991 from 303 wells completed in near-surface
unconsolidated and near-surface bedrock aquifers.
At least one herbicide or atrazine metabolite was
detected in 24 percent of 579 water samples ana-
lyzed for herbicides, based on a reporting limit of
0.05 microgram per liter. However, no herbicide
concentration exceeded the U.S. Environmental
Protection Agency’s maximum contaminant levels
or health advisory levels for drinking water. The
most frequently detected herbicide compound was
desethylatrazine, an atrazine metabolite (18.1
percent), followed by atrazine (17.4 percent);
deisopropylatrazine, an atrazine metabolite
(5.7 percent); prometon (5.0 percent); metolachlor
(2.7 percent); alachlor (1.7 percent); simazine
(1.0 percent); metribuzin (1.0 percent); and cyana-
zine (0.7 percent). The herbicides ametryn, prom-
etryn, propazine, and terbutryn were not detected
during this study. Nitrate concentrations equal to
or greater than 3.0 milligrams per liter (excess
nitrate) were detected in 29 percent of the 599
nitrate analyses, and ammonium concentrations
equal to or greater than 0.01 milligram per liter
were detected in 78 percent of the 584 ammonium
analyses. Nitrate concentrations equal to or

greater than the U.S. Environmental Protection
Agency’s maximum contaminant level for drink-
ing water of 10 milligrams per liter were found in
6 percent of the samples.

The frequency of herbicide detection was, in
part, affected by the analytical method’s reporting
limit. Results from this study show that the fre-
quency of atrazine detection increases as the
reporting limit decreases. Herbicide metabolite
concentrations are critical to understanding the
detection of herbicide residues. The frequency of
detection of atrazine residue (atrazine + desethyl-
atrazine + deisopropylatrazine) was 22.1 percent,
which was more than the frequency of detection of
atrazine alone (17.4 percent).

Prometon was detected more frequently
than every other herbicide except atrazine. The
prometon appears to be derived from areas of
nonagricultural land use, such as golf courses and
residential areas. Herbicides and excess nitrate
were both rarely detected in the eastern part of the
study region, even though this is an area of intense
herbicide and nitrogen-fertilizer use.

Hydrogeologic factors, land use, agricul-
tural practices, local features, and water chemistry
were analyzed for possible relation to herbicide
and excess-nitrate detections. Herbicides and
excess nitrate were detected more frequently in
near-surface unconsolidated aquifers than in near-
surface bedrock aquifers. The depth to the top of
the aquifer was inversely related to the frequency
of detection of herbicides and excess nitrate. The
proximity of streams to sampled wells also
affected the frequency of herbicide detection. Sig-
nificant seasonal differences were determined for
the frequency of herbicide detection, but not for
the frequency of excess nitrate.

Abstract 1



INTRODUCTION

Crop yields in the United States have increased
in recent decades largely because of the application of
chemical nutrients to increase soil fertility and the use
of pesticides to control competing vegetation and
destructive insects. This intensive application of chem-
ical nutrients and pesticides, particularly herbicides,
has created concern and awareness of these compounds
as a nonpoint source of contamination in the Nation’s
surface- and ground-water resources. Because it is an
area of intense agriculture, the midcontinental United
States has become a focus for research on agricultural
chemical contamination in surface and ground water.
Almost 60 percent of the pesticides (Gianessi and
Puffer, 1990) and nitrogen fertilizers (U.S. Environ-
mental Protection Agency, 1990) used in the United
States are applied to cropland in 12 midcontinental
States (table 1). The counties that have the greatest per-
centage of land receiving chemical treatment coincide
with the corn- and soybean-producing region of the
midcontinent (fig. 1).

In 1991, the U.S. Geological Survey (USGS)
began a reconnaissance study of the distribution of her-
bicides and nitrogen compounds (nitrate plus nitrite,
hereafter referred to as “nitrate”’) in ground water in the
midcontinental region of the United States. This recon-
naissance study is complementary to the National Pes-

ticide Survey (NPS; U.S. Environmental Protection
Agency, 1992a) and the National Alachlor Well Water
Survey (NAWWS; Holden and others, 1992), which
are discussed in more detail in the “Previous Investiga-
tions” section of this report. The NPS and NAWWS
were primarily designed to estimate the number of
drinking water wells contaminated with herbicides and
nitrate out of the total population of wells of interest. In
contrast, the USGS reconnaissance was designed to
determine the hydrogeologic, spatial, and seasonal dis-
tribution of herbicides and nitrate in a specified set of
aquifers. Other objectives of this study were to (1)
determine the statistical relations of herbicide and
nitrate to natural and human factors, and (2) obtain data
on herbicide and herbicide metabolite concentrations in
ground water from geographic areas where few data
existed. The USGS reconnaissance was carefully
designed in terms of defining the specific population of
aquifers, sample collection protocol, quality assurance
program, and ancillary data collection (Kolpin and
Burkart, 1991).

Purpose and Scope

This report summarizes the geographic and sea-
sonal distributions of selected herbicides and nitrate
detected in near-surface aquifers (top of aquifer less

Table 1. Summary of selected herbicide and nitrogen-fertilizer use on crops in the midcontinental United States, 1987-89

[<, less than; --, no data]

Herbicide use' (10° pounds of active ingredient per year) Nitrogen

State fert;lizerz

Atrazine Metolachlor ~ Alachlor  Metribuzin Simazine Cyanazine (10° tons

per year)
TIlNOiS «.eveveeerreneens 8,504 8,083 7,960 562 309 3,071 988
Indiana .........coceeneee 5,684 3,457 6,930 451 76 1,700 447
Towa .covverriiiacene 5,584 8,475 6,440 296 <1 3,690 953
Kansas.......ceeeuennee 4,702 2,199 1,930 54 45 206 568
Michigan......c..coeu. 2,708 2,067 1,546 184 172 549 225
Minnesota............... 1,502 2,445 3,979 144 <1 2,808 573
Missouri .....coeveenennne 3,070 1,639 1,779 172 4 1,163 429
Nebraska ................ 7,062 1,948 3,757 162 14 1,751 726
North Dakota.......... 174 116 113 12 - 249 214
Ohio ....veveveeenee. 3,846 4,005 3,674 712 273 1,580 326
South Dakota.......... 488 965 1,891 41 73 316 200
Wisconsin........ce.ceue 2,685 1,379 1,284 79 1 1,658 242
Total ............... 46,009 36,778 41,283 2,869 968 18,741 5,891

T Gianessi and Puffer (1990).

2U.S. Environmental Protection Agency (1990).

2 Herbicides and Nitrate in Near-Surface Aqulfers in the Midcontinental United States, 1991























































































Water Chemistry

The water-chemistry factors examined include
field measurements of specific conductance, pH, water
temperature, and dissolved oxygen and laboratory
analysis of nitrite (as nitrogen), ammonium, and dis-
solved orthophosphate (as phosphorus) (table 3).
These factors had some of the most significant relations
to nitrate of all factors examined.

The frequency of excess nitrate had a strong
inverse relation (p<0.001; Kruskal-Wallis test) to
ammonium concentration. In general, the greater the
ammonium concentration, the smaller the frequency of
excess nitrate (fig. 35). Because nitrate is the dominant
nitrogen species in oxidizing conditions and ammo-

nium is the dominant nitrogen species in reducing con-
ditions (Korom, 1992), this inverse relation was
expected. Also, dissolved-oxygen concentration had a
direct relation to the frequency of excess nitrate
(fig. 35) and an inverse relation to ammonium concen-
tration. Furthermore, nitrate concentrations greater
than the 0.05 mg/L reporting limit were rarely found in
samples from wells that contained hydrogen sulfide,
indicating a strongly reducing environment, and none
of these samples contained excess nitrate. However,
where hydrogen sulfide was not present, 31.5 percent
of the samples had excess nitrate.

Excess nitrate had a significant positive
relation (p<0.001; Kruskal-Wallis test) to dissolved-
orthophosphate concentration (fig. 35). A potential
source of dissolved orthophosphate in ground water is
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the application of chemical fertilizers. Nitrate and dis-
solved orthophosphate differ in their adsorption and
rates of transport. Nitrate is soluble and very mobile,
but orthophosphate is more readily adsorbed to sedi-
ment and aquifer matrix and, thus, is not as readily
transported by ground water. Dissolved-orthophos-
phate detection in ground water could indicate rapid
recharge rates, or short flow paths, or both. When dis-
solved orthophosphate is detected in ground water, it is
very likely that nitrate also will be detected.

Specific conductance had a significant inverse
relation (p<0.001; Kruskal-Wallis test) with frequency
of excess nitrate (fig. 35). Specific conductance, an
indirect measure of dissolved-solids concentration,
generally increases with water residence time and dis-
tance of flow through aquifers as minerals are dis-
solved. Consequently, parts of aquifers in which the
water has large values of specific conductance and
small frequencies of excess nitrate are interpreted to be
more distant from recharge and, consequently, from
nitrogen sources than parts of aquifers in which the
water has smaller values of specific conductance and
larger frequencies of excess nitrate.

SUMMARY AND CONCLUSIONS

The detection and distribution of selected herbi-
cides, atrazine metabolites, nitrate, and ammonium
were determined for water in near-surface aquifers in
the midcontinental United States. Water samples were
collected during preplanting and postplanting periods
in 1991 from 303 wells completed in unconsolidated
and bedrock aquifers in Illinois, Indiana, Iowa, Kansas,
Michigan, Minnesota, Missouri, Nebraska, North
Dakota, Ohio, South Dakota, and Wisconsin. The
maximum depth to the top of the aquifers was about
50 ft below land surface.

At least one herbicide or atrazine metabolite was
detected in 24 percent of 579 samples collected for her-
bicide analysis, based on a laboratory reporting limit of
0.05 ug/L. No herbicide concentrations exceeded any
of the U.S. Environmental Protection Agency’s maxi-
mum contaminant levels or health advisory levels. The
most frequently detected compound was desethylatra-
zine (18.1 percent) followed by atrazine (17.4 percent),
deisopropylatrazine (5.7 percent), prometon (5.0 per-
cent), metolachlor (2.7 percent), alachlor (1.7 percent),
simazine (1.0 percent), metribuzin (1.0 percent), and
cyanazine (0.7 percent). Nitrate concentrations were
equal to or greater than 3.0 mg/L (excess nitrate) in 29
percent of the 599 samples, and ammonium concentra-
tions were equal to or greater than 0.01 mg/L in 78 per-
cent of the 584 samples. The maximum contaminant
level for nitrate in drinking water of 10 mg/L was

equaled or exceeded in 6 percent of the samples ana-
lyzed. Prometon was the second most frequently
detected herbicide parent compound, although little
information is available on its use in the study region.
Prometon is apparently not used on crops in the study
region but rather on land such as golf courses and urban
residences.

Analysis of parent compounds alone is insuffi-
cient to determine fully the effects of herbicide use on
ground-water quality. Desethylatrazine and deisopro-
pylatrazine were the first and third most frequently
detected compounds. The frequency of atrazine-
residue detection (atrazine + desethylatrazine + deiso-
propylatrazine) was 22.1 percent, which was greater
than the frequency of atrazine detection alone (17.4
percent).

The frequency of herbicide detection is, in part, a
function of the laboratory reporting limits. For exam-
ple, results from this study show that decreasing the
atrazine reporting limit from 0.1 to 0.05 pg/L increases
the frequency at which atrazine is detected by about 50
percent. It was estimated that an additional threefold
increase in the frequency of atrazine detections could
result if the reporting limit could be further decreased
0.002 pg/L.

The geographic distribution of herbicides and
excess nitrate is nonuniform in near-surface aquifers of
the study region. These contaminants were detected
most frequently in the extreme western part of the
study region, less frequently in the central part, and rel-
atively infrequently in the eastern part. The infrequent
detections in the eastern part of the study region are
unexpected because of the intense herbicide and nitro-
gen-fertilizer use. Hydrogeologic characteristics of the
eastern part of the study region generally are similar to
those for the study region as a whole. Consequently,
factors other than those examined in this study could
affect herbicide detection and excess-nitrate occur-
rence in this area.

The frequency of herbicide detections was sig-
nificantly larger in the postplanting season samples
than in the preplanting samples from unconsolidated
aquifers. Seasonal variations in the frequency of herbi-
cide detection in the unconsolidated aquifers could be
the result of relatively rapid recharge. One sample
obtained during the summer might maximize the detec-
tion frequency, but multiple samples in an annual cycle
need to be obtained to determine possible seasonal fluc-
tuations in the detection frequency and concentration
of herbicides.

Many hydrogeologic, land-use, agricultural-
practice, local-feature, and water-chemistry factors
were used in a statistical analysis to determine relations
to herbicide detection and to excess-nitrate occurrence.
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Unconsolidated aquifers were more susceptible to her-
bicide and excess-nitrate contamination than were bed-
rock aquifers. This difference could be a result of the
relatively short flow paths from recharge areas to wells
within many of the unconsolidated aquifers. The
geometry and hydrology of alluvial aquifers limits the
distance between recharge areas and wells, whereas the
greater lateral extent of bedrock aquifers creates the
potential for increased diversity of chemical use in
recharge areas, longer flow paths from recharge areas
to wells, and greater opportunity for dispersion of con-
taminants.

The depth to the top of the aquifer was inversely
related to the frequency of herbicide detection and
excess-nitrate occurrence. This factor was used as an
indirect measure of the flow-path length that, in part,
determines the amount of time available for the trans-
portation, transformation, or adsorption of chemicals.
Inverse relations existed between the frequency of her-
bicide detection and the depth to the top of the aquifer
for samples from both unconsolidated and bedrock
aquifers. However, excess nitrate was inversely related
to the depth to the top of the aquifer only in bedrock
aquifers. Unconsolidated aquifers generally are uncon-
fined and receive more recharge from local sources
than bedrock aquifers, which could account for the
more uniform contamination by excess nitrate in the
unconsolidated aquifers. Many decades of nitrogen-
fertilizer use could extend the nitrate contamination to
greater depths in particularly susceptible aquifers
where dissolved oxygen is present.

The frequency of herbicide detection was related
to the proximity of wells to streams. The frequency of
detection in samples where a stream was within 100 ft
of the well was more than double that for samples
where a stream was not within 100 ft. The larger fre-
quency of herbicide detection in samples from wells
near streams could be the result of several factors,
including a natural or induced hydraulic gradient from
streams to aquifers or a convergence of flow paths that
discharge to streams.

REFERENCES CITED

Adams, C.D., and Thurman, E.M., 1991, Formation and
transport of deethylatrazine in the soil and vadose zone:
Journal of Environmental Quality, v. 20, no. 3,

p- 540-547.

Breuer, G.M., 1988, Report on the one time testing program
of [owa’s public drinking water supplies: University of
Iowa Hygienic Laboratory, Lab Hotline, November
1988, 6 p.

Ceazan, M.L., Thurman, E.M., and Smith, R.L., 1989, Retar-
dation of ammonium and potassium transport through a

contaminated sand and gravel aquifer—The role of cat-
ion exchange: Environmental Science and Technology,
v. 23, no. 11, p. 1402-1408.

Chen, Hsiu-Hsiung, and Druliner, A.D., 1987, Nonpoint-
source agricultural chemicals in ground water in
Nebraska—Preliminary results for six areas of the High
Plains aquifer: U.S. Geological Survey Water-
Resources Investigations Report 864338, 68 p.

Detroy, M.G., Hunt, PK.B., and Holub, M.A., 1988,
Ground-water-quality-monitoring program in Iowa—
Nitrate and pesticides in shallow aquifers: U.S. Geo-
logical Survey Water-Resources Investigations Report
88-4123,31p.

Dhileepan, N.R., and Schnoor, J.L., 1992, Effect of two elec-
tron acceptors on atrazine mineralization rates in soil:
Environmental Science and Technology, v. 26, no. 11,
P- 2298-2300.

Exner, M.E., and Spalding, R.E., 1990, Occurrence of pesti-
cides and nitrate in Nebraska’s ground water: Lincoln,
Nebr., University of Nebraska, Institute of Agriculture
and Water Center, 34 p.

Fishman, M.J., and Friedman, L.C., eds., 1989, Methods for
the determination of inorganic substances in water and
fluvial sediments: U.S. Geological Survey Techniques
of Water Resources Investigations, book 5, chap. Al,
545 p.

Geller, Annette, 1980, Studies on the degradation of atrazine
by bacterial communities enriched from various
biotopes: Archives of Environmental Contamination
and Toxicology, v. 9, no. 3, p. 289-305.

Gianessi, L.P,, and Puffer, C.M., 1988, Use of selected pesti-
cides for agricultural crop production in the United
States, 1982-1985: Washington, D.C., Resources for
the Future, Inc., Quality of the Environment Division,
490 p.

__ 1990, Herbicide use in the United States: Washington,
D.C., Resources for the Future, Inc., Quality of the
Environment Division, 127 p. [Revised 1991]

Goolsby, D.A., Thurman, E.M., and Kolpin, D.W., 1991,
Geographic and temporal distribution of herbicides in
surface waters of the upper midwestern United States,
1989-90, in Mallard, G.E., and Aronson, D.A., eds.,
U.S. Geological Survey Toxic Substances Hydrology
Program—Proceedings of the technical meeting,
Monterey, California, March 11-15, 1991: U.S. Geo-
logical Survey Water-Resources Investigations Report
91-4034, p. 183-188.

Hallberg, G.R., 1989, Nitrate in ground water in the United
States, in Follett, R.F,, ed., Nitrogen management and
ground water protection—Developments in agricul-
tural and managed-forest ecology: New York, Elsevier,
p- 35-74.

Helsel, D.R., and Hirsch, R.M., 1992, Statistical methods in
water resources: New York, Elsevier, 522 p.

References Cited 33



Holden, L.R., Graham, J.A., Whitmore, R.W., Alexander,
W.J., Pratt, R W,, Liddle, S.K., and Piper, L.L., 1992,
Results of the National Alachlor Well Water Survey:
Environmental Science and Technology, v. 26, no. 5,
p. 935-943.

Iowa State University, 1991, A survey of pesticides used in
Iowa crop production in 1990: Ames, Iowa, Iowa State
University Extension Service Publication Pm 1441,

11 p.

Klaseus, T.G., Buzicky, G.C., and Schneider, E.C., 1988,
Pesticides and groundwater—Surveys of selected Min-
nesota wells: St. Paul, Minn., Minnesota Department of
Health and Minnesota Department of Agriculture, 95 p.

Kolpin, D.W., and Burkart, M.R., 1989, Indicators of pesti-
cides in shallow aquifers in Iowa [abs.], in Pederson,
G.L., and Smith, M.M., compilers, U.S. Geological
Survey second national symposium on water quality,
Orlando, Florida, November 12-17, 1989—Abstracts
of the technical sessions: U.S. Geological Survey
Open-File Report 89-409, p. 47.

____1991, Work plan for regional reconnaissance for
selected herbicides and nitrate in ground water of the
mid-continental United States, 1991: U.S. Geological
Survey Open-File Report 91-59, 18 p.

Korom, S.F., 1992, Natural denitrification in the saturated
zone—A review: Water Resources Research, v. 28,
no. 6, p. 1657-1668.

Kross, B.C., and others, 1990, The Iowa State-wide rural
well-water survey—Water-quality data, initial analysis:
Iowa Geological Survey Technical Information Series
Report 19, 142 p.

LeMasters, Gary, and Doyle, D.J., 1989, Grade A dairy farm
well water quality survey: [Madison, Wisc.], Wiscon-
sin Department of Agriculture, Trade, and Consumer
Protection and Wisconsin Agricultural Statistics Ser-
vice, 36 p.

Liszewski, M.J., and Squillace, P.J., 1991, The effect of sur-
face-water and ground-water exchange on the transport
and storage of atrazine in the Cedar River, Iowa, in Mal-
lard, G.E., and Aronson, D.A, eds., U.S. Geological
Survey Toxic Substances Hydrology Program—Pro-
ceedings of the technical meeting, Monterey, Califor-
nia, March 11-15, 1991: U.S. Geological Survey
Water-Resources Investigations Report 91-4034,

p. 195-202.

Madison, R.J., and Brunett, J.O., 1985, Overview of the
occurrence of nitrate in ground water of the United
States, in National Water Summary 1984—Hydrologic
events, selected water-quality trends, and ground-water
resources: U. S. Geological Survey Water-Supply
Paper 2275, p. 93-105.

Meister, R.T., ed., 1988, Farm chemicals handbook (74th
ed.): Willoughby, Ohio, Meister Publishing Co., 513 p.

Stullken, L.E., Stamer, J.K., and Carr, J.E., 1987, Reconnais-
sance of water quality in the High Plains aquifer
beneath agricultural lands, south-central Kansas: U.S.
Geological Survey Water-Resources Investigations
Report 87-4003, 25 p.

Thurman, E.M., Goolsby, D.A., Meyer, M.T., and Kolpin,
D.W., 1991, Herbicides in surface waters of the mid-
western United States—The effect of spring flush:

Environmental Science and Technology, v. 25, no. 10,
p- 1794-1796.

Thurman, E.M., Goolsby, D.A., Meyer, M.T., Mills, M.S.,
Pomes, M.L., and Kolpin, D.W., 1992, A reconnais-
sance study of herbicides and their metabolites in sur-
face water of the midwestern United States using
immunoassay and gas chromatography/mass spectrom-
etry: Environmental Science and Technology, v. 26,
no. 12, p. 2440-2447.

Thurman, E.M., Meyer, Michael, Pomes, Michael, Perry,
C.E., and Schwab, A.P,, 1990, Enzyme-linked immun-
osorbent assay compared with gas chromatography/
mass spectrometry for the determination of triazine her-
bicides in water: Analytical Chemistry, v. 62, no. 18,
p. 2043-2048.

U.S. Bureau of the Census, 1989, Census of agriculture,
1987—Final county file, technical documentation:
Washington, D.C., U.S. Bureau of the Census, Data
User Services Division.

U.S. Environmental Protection Agency, 1989, Drinking
water health advisory—Pesticides: Chelsea, Mich.,
Lewis Publishers, 819 p.

____ 1990, County-level fertilizer sales data: Washington,
D.C., U.S. Environmental Protection Agency, Office of
Policy Planning and Evaluation, September 1990, com-
puter disk.

____1991a, National primary drinking water regulations,
final rule: U.S. Federal Register, 40CFR, parts 141,
142, and 143; v. 56, no. 20, p. 3526-3594.

____1991b, Drinking water regulations and health adviso-
ries: Washington, D.C., April 1991, 11 p.

____1992a, Another look—National survey of pesticides in
drinking water wells, phase 2 report: U.S. Environmen-
tal Protection Agency Report EPA/579/09-91/020,

194 p. [Available from National Technical Information
Service, Springfield, VA 22161 as NTIS Report PB
91-125765]

____1992b, Drinking water regulations and health adviso-
ries: Washington, D.C., U.S. Environmental Protection
Agency, Office of Water, April 1992, 13 p.

Voelker, D.C., 1989, Quality of water from public-supply
wells in principal aquifers of Illinois, 1984-87: U.S.

Geological Survey Water-Resources Investigations
Report 884111, 29 p.

34 Herbicides and Nitrate in Near-Surface Aquifers in the Midcontinental Unlted States, 1991

*U.S. GOVERNMENT PRINTING OFFICE: 1994-573-038/86039



